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Institute of Cognitive Neuroscience and Institute of Neurology, University College London, LondonWC1N 3AR, United Kingdom
Recent neurophysiological and imaging studies have investigated how neural representations underlying working memory (WM) are
dynamically updated for objects presented sequentially. Although such studies implicate information encoded in oscillatory activity
across distributed brain networks, interpretation of findings depends crucially on the underlying conceptual model of how memory
resources are distributed.
Here, we quantify the fidelity of human memory for sequences of colored stimuli of different orientation. The precision with which
eachorientationwas recalleddeclinedwith increases in totalmemory load, but alsodependedonwhen in the sequence it appeared.When
one itemwas prioritized, its recall was enhanced, butwith corresponding decrements in precision for other objects. Comparisonwith the
same number of items presented simultaneously revealed an additional performance cost for sequential display that could not be
explained by temporal decay. Memory precision was lower for sequential compared with simultaneous presentation, even when each
item in the sequence was presented at a different location.
Importantly, stochastic modeling established this cost for sequential display was due to misbinding object features (color and orien-
tation). These results support the view that WM resources can be dynamically and flexibly updated as new items have to be stored, but
redistribution of resourceswith the addition of new items is associatedwithmisbinding object features, providing important constraints
and a framework for interpreting neural data.
Introduction
One of the fundamental properties of working memory (WM) is
its limited capacity (Cowan, 2001; Baddeley, 2003). For vision,
this has been estimated to be three or four items, based on the
ability of observers to detect changes made to a static array of
objects over a brief delay (Phillips, 1974; Pashler, 1988; Luck and
Vogel, 1997; Vogel et al., 2001; Todd and Marois, 2004). But in
real-world situations, the visual input to the brain is constantly
changing with movements of the body and alterations in the
environment, so ecologically important objects are often viewed
in sequence. Vital cognitive processes—such as action selection
and planning—therefore have to be informed by memory for
objects that have been replaced by others. The neural mecha-
nisms involved inmaintaining these representations across inter-
vening items and over time have become the focus of intense
investigation using neurophysiological and imaging techniques
(D’Esposito et al., 1999; Marshuetz et al., 2000; Xu and Chun,
2006; Siegel et al., 2009; Jenkins and Ranganath, 2010; Takahama
et al., 2010; Warden and Miller, 2010).
Like change detection experiments, studies examining visual
WM for serially presented items have tested recall in a binary
fashion, assuming that each object in a sequence is either perfectly
stored or entirely forgotten (Phillips and Christie, 1977; Smyth et
al., 2005; Johnson and Miles, 2009). But this approach does not
provide any information on the fidelity of stored representations.
An alternative method is to measure the variability of memory
estimates around the true value, i.e., the precision of recall for
object attributes such as location, orientation, and color (Palmer,
1990; Wilken and Ma, 2004; Bays and Husain, 2008; Bays et al.,
2009, 2011; Fougnie et al., 2010).
This approach has recently prompted a reevaluation of the
classical view of visualWMas comprising a fixed number of slots,
each maintaining a single object with high resolution. Instead,
such investigations have led to a radically different proposal: that
although WM resources are highly limited, they are not quan-
tized, so they can be flexibly distributed to prioritize a few items
for high resolution storage or store a larger number with lower
fidelity (Alvarez and Cavanagh, 2004;Wilken andMa, 2004; Bays
and Husain, 2008; Bays et al., 2009).
This is a fundamentally different conceptual framework to the
traditional account and has obvious, important implications for
research that seeks to examine the neural basis ofWM. However,
previous studies have not examined the precision of memory
when objects are presented sequentially. Here we compared
memory resolution for objects in sequences with simultaneously
presented items and used a probabilisticmodel to account for the
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distribution of responses. We demonstrate how memory preci-
sion changes as new items are presented and how resources are
flexibly weighted to prioritize task-relevant items. Importantly,
we find that memory for sequentially presented objects is espe-
cially prone to corruption by features belonging to other items in
the sequence (misbinding). These observations provide impor-
tant constraints on the neural mechanisms underlying WM for
objects encoded sequentially by the visual system over time.
Materials andMethods
Participants
A total of 34 healthy volunteers (19 female, 15 male, age: 19–34 years)
participated in the study after providing written informed consent to
procedures approved by the local ethics committee. All participants had
normal or corrected-to-normal visual acuity and reported normal color
vision. Nine volunteers [six female, age: 25.8 5.3 years (mean SD)]
took part in experiment 1, eight volunteers (six female, age: 21.4 3.1)
participated in experiment 2, eight (four female, 24.8  2.5) in experi-
ment 3, and nine (three female, age: 25 2.7) in experiment 4.
Experiment procedure
Experiment 1: Sequential presentation. A schematic representation of the
task is shown in Figure 1A. Each trial consisted of a sequence of one to
five colored bars (2° 0.3° of visual angle) consecutively presented on a
gray background on a 21 inch CRT monitor at a viewing distance of 60
cm. Each bar had a different color and orientation and all were presented
at fixation, at the center of the display. The sequence of colors in each trial
was produced by permutation of a random selection of five easily distin-
guishable colors.On each trial, participants did not know in advance how
many objects they would have to remember. Stimuli within the same
sequence differed by at least 10° in orientation, which was otherwise
random. Each stimulus was shown for 500ms, followed by a blank screen
for 500 ms.
At the end of each sequence, recall for one of the items was probed by
redisplaying a bar of the same color with a random orientation. A circle
surrounding this probe item made it easily distinguishable from the to-
be-remembered items in the sequence. Subjects were instructed to rotate
the probe using a response dial (Logitech) to match the remembered
orientation of the item of the same color in the sequence—henceforth
termed the target. Note that we use the term “target” here simply to
distinguish from other objects in the sequence, or nontargets, that were
not probed. We emphasize that in this experiment, participants did not
know which item would be tested or how long each sequence would be
from trial-to-trial.
Each subject completed a total of 400 interleaved trials. There were 25
trials for each of the 15 combinations of sequence length (1–5) and serial
position of the target item within the sequence (375 trials in total). In
addition, there were 25 trials where a single itemwas followed by a longer
blank period of 3500 ms (equivalent in duration to a four-item se-
quence). These trials were presented interleaved with other conditions to
examine the pure effects of temporal delay on memory in the absence of
intervening objects.
Experiment 2: Simultaneous presentation. To compare WM precision
for items presented sequentially with objects displayed simultaneously,
we ran the task shown in Figure 1B. Each trial started with a central
fixation cross displayed on a gray background. Once stable fixation was
established, one to five bars, each of a different color and orientation,
were presented simultaneously. The display settings, dimensions of the
stimuli, and the selection of color and orientation were as in experiment
1. Stimuli were displayed at random positions on an invisible circle of
radius 6°, with a minimum center-to-center separation of 3° of visual
angle. This memory array was shown for 1000ms, followed by a 1000ms
blank screen. Subsequently, one of the items in the array was probed by
color at central fixation and the participant had to indicate the remem-
bered orientation of the item, as in experiment 1. Each subject completed
500 trials. Eye position was monitored online at 1000 Hz using a frame-
mounted infrared eye tracker (SR Research) to ensure subjects main-
tained central fixation. Trials were repeated if gaze deviated2° from the
fixation cross during stimulus presentation.
Experiment 3: Simultaneous versus sequential presentation at different
locations. In experiment 1, items were presented at the same spatial loca-
tion, which may confound the comparison with simultaneous presenta-
tion, where each item occupied a different location in space. Therefore,
we performed an additional experiment to distinguish the effects of se-
quential versus simultaneouspresentation fromthepotentially confounding
effects of presenting stimuli at the same or at different locations. In experi-
ment 3, two, four, or six items were presented either simultaneously or se-
quentially, always at different locations, with a minimum center-to-center
separation of 3° of visual angle. All stimuli were presented at an eccen-
tricity of 6° for 500 ms, followed by a 500 ms blank screen. The dimen-
sions of the stimuli and the selection of color and orientation were
identical to the previous experiments. As in experiment 2, central fixa-
tion was monitored online using infrared eye tracking and trials were
repeated if gaze deviated 2° from the fixation cross during stimulus
presentation. At the end of each trial, one of the items was probed by
color at the center of the screen, as in the previous experiments. Each
subject completed a total of 480 trials consisting of four 60-trial blocks of
sequential and four blocks of simultaneous presentation. The order of
the eight blocks was randomized.
Experiment 4: Prioritizing one of the items in a sequence. To investigate
how WM resources are allocated to a prioritized (cued) item in a se-
quence comparedwith noncued objects, we investigated performance on
a variant of experiment 1. Here, a sequence of four items was presented
on each trial, using the same display settings, stimulus dimensions, and
durations as in experiment 1. Participants were instructed before the
experiment that items of one specified colorweremore likely to be tested.
This cue color was different for each subject and fixed throughout each
experimental session. There were two experimental conditions: the cue
present condition and the baseline condition. In the cue present condi-
tion, one of the four items on each trial was of the cue color. This itemwas
probed on a higher proportion of trials (62.5%, as opposed to 12.5% for
each of the other three items). In the baseline condition, the cue colorwas
not present in the sequence and all items were equally likely to be probed
(25%), and therefore equally task-relevant. The participant had to indi-
cate the remembered orientation of the target item using a dial to rotate
the probe bar, as in the previous experiments. Each subject completed a
A 
TEST
1st
2nd
Last
TEST
Sample
Sequential SimultaneousB
Figure1. Experimental paradigm for sequential and simultaneous tasks.A, In experiment 1,
participants were presented with a sequence of colored bars, each with a different orientation.
A probe item of a randomly chosen color (in this case, blue) was then presented and subjects
adjusted theorientationof theprobe itemto that of theorientationof the itemof the samecolor
shown in the sequence (in this case, the second item). B, In experiment 2, stimuli were shown
simultaneously, in an array, following which the orientation of one of the items (in this case,
blue) was probed and had to be reproduced frommemory.
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total of 300 trials, consisting of four blocks of 50 trials for the cue present
condition and two blocks of 50 trials for the baseline condition. The
order of the blocks was randomized.
Analysis
For each trial, a measure of error was obtained by calculating the angular
deviation between the orientation reported by the subject and the correct
orientation of the target bar in the preceding sequence. Precision was
calculated as the reciprocal of the SD of error across trials (1/). As the
parameter space for orientation is circular, we used Fisher’s definition of
SD for circular data (Fisher, 1993), subtracting the value expected for
chance; therefore, a precision value of zero corresponds to responding at
random. This method of estimating the fidelity of recall of a visual stim-
ulus based on the distribution of error has previously been described for
orientation, location (Bays and Husain, 2008), and color (Bays et al.,
2009), but only for simultaneous displays where all objects to be remem-
bered were presented together.
Precision was calculated separately for each subject, set size and con-
dition. Hypotheses regarding the effects of experimental parameters
(number of items, order in sequence, cueing condition) on precision
were tested by ANOVA and t tests (see Results, below).
Additionally, to assess the effects of prioritizing items (cued objects) at
different serial positions in experiment 4, we calculated, for each serial
position in the sequence, the fractional difference in precision between
the cue present andbaseline conditions as (PCPB)/(PCPB), wherePC
is the precision in a cue present sequence and PB the precision in a
baseline sequence. For this analysis, we pooled data across subjects, in-
creasing the number of trials on which each precision calculation was
based.
To quantify the contribution of different sources of error to overall
precision estimates in each experiment, we applied a probabilistic model
introduced previously by Bays et al. (2009). This model, building on an
earlier proposal by Zhang and Luck (2008), attributes errors on the re-
production task to three sources, as follows: (1) Gaussian variability in
memory for the target orientation; (2) a certain probability on each trial
of misreporting one of the other nontarget orientations in the sequence;
and (3) a certain probability of responding with a random orientation
not related to any of the items in the sequence. This model is described as
follows:
pˆ  aKˆ     
1
m i
m
Kˆ  i  	
1
2

where  is the true orientation of the target item, ˆ the orientation re-
ported by the subject, and  is the von Mises distribution (the circular
analog of the Gaussian) with mean zero and concentration parameter .
The probability of reporting the correct target item is given by . The
probability of mistakenly reporting a nontarget item is given by , and
{1, 2, …m} are the orientations of the m nontarget items. The prob-
ability of responding randomly is given by 	  1    . A graphical
representation of these model components is given in Figure 5.
Maximum likelihood estimates (Myung, 2003) of the parameters ,,,
and	wereobtained separately for each subject and set size in experiments 1,
2 and 3, using an expectation–maximization algorithm (MATLAB code
available at http://www.sobell.ion.ucl.ac.uk/pbays/code/JV10/).
To investigate how serial order of the target item in a sequence affected
the model parameters, we also fit the model separately for each combi-
nation of serial position and sequence length in experiment 1. As this
meant dividing the data from each subject between a large number of
conditions, we pooled across subjects, maximizing the data available for
each condition. Similarly, in experiment 4, we fit themodel separately for
trials on which cued and uncued items were probed in the cue present
condition and for all items in the baseline condition, again pooling across
subjects. Likelihood-ratio tests were used for statistical comparison of
parameter values estimated from pooled data.
Results
Effects of serial order and set size on recall precision
In experiment 1, subjects were presented with a sequence of ran-
domly oriented colored bars and asked to reproduce frommem-
ory the orientation of one bar, specified by color (Fig. 1A). The
total number of stimuli varied between one and five; participants
were unaware of how many would be displayed in each trial. All
items in the sequence were equally likely to be tested.
Figure 2 shows how the precision with which subjects recalled
an item’s orientation varied as a function of its serial position
(i.e., when it appeared in a sequence), for different sequence
lengths (denoted by different colors). Serial order had a signifi-
cant effect on precision, regardless of the total number of items in
the sequence (two-way ANOVA, set size serial position, main
effect of serial position: F(4,120) 11.2, p	 0.001) with the most
recent item remembered significantly more accurately than pre-
ceding items (two-way ANOVA, simple contrast to last item:
F(4,120) 3.67, p 0.007). Thus, there was a clear recency effect.
No statistically significant differences in precision were observed
for earlier positions in a sequence (main effect of serial position
with final item excluded: F(3,80)  0.57, p  0.64). Performance
was significantly better than chance for every combination of
serial order and set size (t(8)  2.9, p 	 0.023), indicating that
some information was stored about every item in a sequence.
How does the total number of objects in the sequence affect
the fidelity of recall? As shown in Figure 2, when comparing
sequences of different lengths, for every serial position, precision
decreased significantly as the number of items increased (main
effect of set size: F(4,120) 11.8, p	 0.001; set size serial posi-
tion interaction: F(6,120) 0.23, p 0.97). Remarkably, this effect
was present even for the last (and best remembered) item in a
sequence: precision for the final item decreased significantly as
the number of preceding items increased (main effect of set size,
final items only: F(4,40) 4.7, p 0.004). Therefore, as the total
number of items held in memory increases, there is a loss of
fidelity in recall of items of any serial order, including the most
recent. Note that many previous studies of serial WM, using for
example verbal or visuospatial lists (Broadbent and Broadbent,
1981; Burgess and Hitch, 1999; Logie et al., 2000), have also
shown recency effects but, crucially, in those studies, participants
were either able to report an item or not, in a binary (all or
nothing) fashion.Here, wewere able to show that the fidelitywith
which the last item is recalled ismodulated in a gradedmanner by
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Figure 2. Serial order and sequence lengthmodulatememory precision. Precision is plotted
against order in the sequence, i.e., when in a sequence the item probed after the end of the
sequence had appeared. Each colored line represents a different sequence length. The last item
was remembered most accurately, while earlier items in the sequence were recalled with sim-
ilar precision. Error bars represent SEM.
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the number of items that precede it. Such a result has important
implications for the neural encoding of items in WM, as we dis-
cuss below.
Comparison with simultaneous presentation
The results of experiment 1 also have implications for models of
WM because they are consistent with the principles of a shared
resource model of working memory, which until now has been
applied only to simultaneous displays (Wilken and Ma, 2004;
Bays and Husain, 2008; Bays et al., 2009). Specifically, the find-
ings above show that as the total number of items in memory
increases, the proportion of resources dedicated to each item
declines, degrading the fidelity of storage. A simple slot model
limited to three objects (Luck and Vogel, 1997; Cowan, 2005)
would not predict such a graded decline in performance for se-
quences below the capacity limit of three, since each item should
be capable of being stored with equal, high resolution up to that
limit. Only after all available slots had been occupied would one
expect a rapid decline in precision.
From the perspective of a shared resource model, the recall
advantage for the final item in a sequence we observed here could
result from an uneven distribution of resources, with the largest
proportion allocated to the most recently presented item. To
investigate this possibility further, we compared the results of
sequential displays in experiment 1 with a second task that dif-
fered only in that all items were presented simultaneously in a
single display (Fig. 1B). This provides a direct comparison of how
resources are allocated when information is processed sequen-
tially in a temporal stream versus when it is presented all together
to the visual system.
In Figure 3, mean recall precision is presented as a function of
the total number of items presented for sequential (black sym-
bols) and simultaneous (red symbols) display. While precision
declined similarly with increasing number of items in both cases,
on average, items were recalled with significantly lower precision
when presented sequentially (F(1,83)  22.2, p 	 0.001). Impor-
tantly, however, this cost for sequential presentation was con-
fined to the earlier items in each sequence.
When performance for only the last item in each sequencewas
considered (Fig. 3, blue symbols), it was found to be stored with
equivalent resolution to items in a simultaneous display of the
same number of items (F(1,83)  0.18, p  0.67), while memory
for all previous items in the sequencewas significantly less precise
(F(1,7) 47.7, P	 0.001). Thus, for example, if the total sequence
length was three items, the last item was recalled with precision
equivalent to when three items were presented simultaneously,
but the previous items were recalled with significantly lower pre-
cision than the average precision for three simultaneously pre-
sented objects. Therefore, every time a new item was added to a
sequence, the precision with which it was remembered was lim-
ited only by the number of previous items already stored inmem-
ory, just as for simultaneous presentation of the same number of
items. However, crucially, earlier items were remembered signif-
icantly less accurately. Thus, memory precision for these is not
simply determined by the total number of objects that have to be
kept in memory, but is also limited by some additional source of
error, which we sought to determine.
Cost of sequential presentation is not due to temporal decay
There is a long-standing controversy as to whether WM recency
effects are a result of interference between remembered objects,
or whether time-related memory decay also plays a role (Hole,
1996; Berman et al., 2009; Lewandowsky et al., 2009; Zhang and
Luck, 2009). To control for the possibility that loss in precision
for earlier items is due to time-dependent decay in memory rep-
resentation, we compared precision for the first item from a se-
quence of four with a single object followed by a long retention
period, equivalent in duration to a sequence of three further
items. We observed that recall was not affected by the longer
retention period (t(8)  1.1, p  0.32) (Fig. 4), but there was a
fivefold decrease in memory precision when three consecutive
items were presented during the same amount of time (t(8) 8.9,
p 	 0.001). Therefore, rather than time-related decay of their
memory representation, the loss in accuracy of recall for earlier
items in this study is due to the presence of the subsequent items.
A probabilistic model to investigate the sources of error
in sequences
The precision measure used thus far to describe performance is a
nonparametric statistic reflecting the fidelity of recall of a target
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Figure 3. Effect of the number of items onmemory in sequential and in simultaneous presenta-
tion. Average precision (across all items) decreased with increasing number of items presented in a
sequence(black line)orsimultaneously (red line).Notethat the lastobject inasequence(bluedashed
line)was rememberedwith similarprecision toan item inanarrayof the samenumberof simultane-
ouslypresentedobjects. Therewasnosignificantdifference forone iteminsequential comparedwith
simultaneous conditions. Error bars are SEM.
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Figure 4. Loss of precision for previous items is not time-dependent. When compared with
a single item (left bar), memory precision was not affected by a longer retention time (middle
bar), butwas significantly lowerwhen three further itemswerepresented in the same retention
period (right bar). Error bars are SEM. **p	 0.001; n.s., nonsignificant.
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feature, independent of any particular model of the underlying
response distribution. To investigate further possible mecha-
nisms producing the loss ofmemory precision for earlier items in
sequences, we applied to the data a probabilistic model that as-
sumes three potential sources of error, as follows: (1) Gaussian
variability in recall of the target orientation, (2) a certain proba-
bility of responding with the remembered orientation of a non-
target due to associating incorrectly, or misbinding, a target’s
color with the orientation of a nontarget, and (3) a certain prob-
ability of producing a random response not related to any of the
orientations presented (for further details, see Materials and
Methods, above) (Fig. 5). This analysis method has been used in
previous studies, but only for simultaneously presented items
(Bays et al., 2009, 2011; Fougnie et al., 2010).
First, we fit the model separately for each number of items,
presented sequentially or simultaneously. As shown in Figure 6,
for both sequential (black) and simultaneous presentation (red),
as the number of items increased, responses centered on the tar-
get became increasingly variable, as indicated by a significant
decrease in the concentration parameter () of their distribu-
tion (two-way ANOVA, set size  presentation mode, main
effect of set size: F(4,75)  15.9, p 	 0.001; interaction with
mode of presentation: F(4,75)  0.33, p  0.86) (Fig. 6A).
Importantly, the variability of subjects’ responses for the same
number of items was indistinguishable whether presented se-
quentially or simultaneously (main effect of presentation
mode: F(1,75)  0.47, p  0.50).
In addition to the increase in variability, the proportion of
responses attributed to report of the correct target item () de-
clined significantly as set size increased in both sequences and
simultaneous arrays (main effect of set size: F(3,60)  13.7, p 	
0.001; interaction: F(3,60) 0.33, p 0.05) (Fig. 6B). Here, how-
ever, a significant difference was observed between sequential
and simultaneous presentation (main effect of presentation
mode: F(1,60)  61.6, p 	 0.001), with a substantially smaller
probability of responses centered on the target orientation under
sequential presentation (mean   74% for sequential vs mean
 93% for simultaneous presentation, for set size2).
The decline in the probability of responding with the target
orientation with increasing set size coincided with a correspond-
ing increase in bothmisreporting a nontarget as a target (, main
effect: F(3,60) 7.7, p	 0.001; interaction: F(3,60) 1.6, p 0.21)
(Fig. 6C) and of responding with a random orientation (	, main
effect: F(3,75)  2.9, p  0.009; interaction: F(3,75)  0.84, p 
0.50) (Fig. 6D). However, the difference between sequential and
simultaneous presentation was primarily accounted for by
changes in the rate ofmisreporting (mean 19% for sequential
vs mean  4% for simultaneous presentation, for set size2;
F(1,60) 46.5, p	 0.001).
Random responses were also significantly more probable in
sequences (F(1,75) 5.0, p 0.028) but to a much smaller extent
than nontarget responses (mean 	 7% for sequential vs mean
	  3% for simultaneous presentation, for set size  2). It is
important to note that in sequences of two or more items, mis-
reporting accounts for a significantly greater proportion of the
overall loss of precision when compared with random responses
(F(1,64) 23.0, p	 0.001).
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Figure 5. A probabilistic model of three sources of error in subjects’ responses. Subject
responses on the memory task were decomposed into three separate components, illustrated
by the shaded regions in B–D: a circular Gaussian distribution of responses centered on the
orientation value of the target (B); circular Gaussian distributionswith the samewidth centered
on each nontarget orientation value, corresponding to misbinding errors (C); and a uniform
distribution, capturing random responses unrelated to any of the sample orientations (D). A,
The variability in recall of each item’s orientationwas governed by, the concentration param-
eter of the circular Gaussian (von Mises) distributions.
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Figure 6. Model components for each set size in sequential and simultaneous presentation.
A–D, Model parameters are shown for sequences (black) and simultaneous presentation (red).
A, Variability of responses, as expressed by the concentration parameter of their distribution,
increased asmore itemswere stored inmemory; this effect was not different between sequen-
tial and simultaneous presentation. B, Probability of responding according to the target’s ori-
entation decreased with increasing set size and was lower in sequences. C, There was a
corresponding significant increase in the probability of responding according to a nontarget
orientation; this component was greater in sequential than in simultaneous presentation. D,
Random responses (guessing) also increased with increasing number of items and were more
likely in sequences. Note that, in sequences, the nontarget component (C) was significantly
higher than the random one (D); this was not the case in simultaneous presentation, where
there was no significant difference between these two components.
8506 • J. Neurosci., June 8, 2011 • 31(23):8502–8511 Gorgoraptis et al. • Dynamic Updating of Visual WM
To investigate whether the contribution of the different
sources of error to the overall loss of precision depends on the
item’s order in the sequence, we applied the model separately at
each serial position and each sequence length. As shown in Figure
7, A and B, both the probability of reporting the target item’s
orientation and the variability of those responses vary according
to serial order of an item in the sequence (: 2 13.5, p	 0.003
for all sequence lengths; : 2 13.9, p	 0.001 for all sequence
lengths except in two items, where 2  2.8, p  0.096). Re-
sponses based on the correct target orientation were significantly
more likely and less variable when the last itemwas probed (: 2
 13.5, p	 0.003 for all sequence lengths;:2 12.9, p	 0.001
for all sequence lengths except in two items, as above).
Correspondingly, the probability of responding according to
the orientation of a nontarget depended significantly on the serial
order of the tested item (2  11.4, p 	 0.004 for all sequence
lengths) and was less likely for the last item than for any of the
previous ones (2 10.2, p	 0.002 for all sequence lengths) (Fig.
7C). Within the longest sequences (four or five items), from ear-
lier to later items, the probability of misbinding increases and
subsequently decreases again for more recent items, producing
an inverted U-shaped curve. This suggests both a recency and a
primacy effect in the probability of responding with the orienta-
tion of a nontarget (Fig. 7C).
The probability of responding randomly did not differ signif-
icantly with serial order. In sequences of any length, random
responses were relatively rare (5.9% on average) and unaffected
by serial order (2 	 1.3, p  0.37) (Fig. 7D). Overall, these
results suggest that an increased probability of erroneously asso-
ciating the color of targets earlier in the sequence with the orien-
tation of nontargets could be an importantmechanismgiving rise
to the overall precision cost of sequential presentation, particu-
larly for items in the middle of a sequence.
Our findings also demonstrate that information about differ-
ent objects held inWM are not independent once stored, but can
interact—hence misbinding of object features across visual
items. In addition, the comparison between sequential and si-
multaneous displays reveals an important factor about howWM
resources are dynamically reallocated. Recall that, for sequences,
subjects did not know how many items they would have to re-
member before a trial commenced, so they could not preallocate
resources. Instead, each new object to be remembered (the cur-
rent last item) was allocated its fair share of resources (as if it had
appeared in a simultaneous array of the same total number of
items). However, the resolution in memory for previous items
became inferior. This reallocation of resources from earlier items
was associated specifically with increased misbinding of features
belonging to different objects. These findings place very tight
constraints on neural models of WM.
Note that, as the variability of responses and the number of
nontargets increase, reliability of the fitted parameter estimates
decreases, as indicated by the larger SE (e.g., set size four and five)
(Fig. 7). In the case of two items, for example, a distribution of
responses tightly centered around the only nontarget orientation
is easily distinguishable from a set of random responses. Con-
versely, in the case of five items, where each misbinding response
can correspond to any of four different nontarget orientations,
distinguishing this from a uniform (random) distribution be-
comes increasingly difficult. However, while this unavoidable
limitation reduces power, we were nonetheless able to identify
statistically significant effects (e.g., of serial order) even in the
longest sequences.
Simultaneous versus sequential presentation at different
spatial locations
The comparison between simultaneous and sequential presenta-
tion in the previous experiments may have been confounded by
the fact that sequentially presented items were shown at the same
spatial location, which was not the case for simultaneous presen-
tation. In experiment 3, we presented every object at a different
location, in either simultaneous or sequential display.
As shown in Figure 8, average memory precision for items
presented sequentially at different locations (black line) was sig-
nificantly lower than precision for the same number of items
presented simultaneously (repeated-measures ANOVA: F(1,7) 
29.94, p  0.001) (red line), in keeping with our results from
experiments 1 and 2. Also consistent with our previous results,
precision for themost recent object in a sequence of items shown
at different locations (Fig. 8, blue dotted line) was no different
from the average precision when the same number of objects
were presented simultaneously (repeated-measures ANOVA:
F(1,7)  0.33, p  0.58). Therefore, the finding that memory
precision is lower for sequential compared with simultaneous
presentation cannot be simply attributed to spatial overwriting of
earlier items, as precision is lower than simultaneous presenta-
tion also when each item in the sequence is presented at a differ-
ent location.
Next, to quantify the parameters explaining the loss of mem-
ory resolution when objects are presented sequentially at differ-
ent locations, we applied our probabilistic model analysis to the
data from experiment 3. Consistently with our previous results,
while the variability of responses was similar to simultaneous
presentation (: F(1,7) 0.62, p 0.457) (Fig. 9A), responses to
the target orientation were significantly less likely in sequential
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Figure 7. Model components for each serial order.A,B, Variability (A) and probability (B) of
responding according to the target’s orientation depend on serial order, with responses on
target being more probable when the last item was probed. C, There was a corresponding
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D, Conversely, the probability of responding randomly was not significantly different for items
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presentation (: F(1,7) 47.4, p	 0.001) (Fig. 9B). Importantly,
a significant proportion of the loss in memory resolution for
sequentially presented items can be attributed to nontarget re-
sponses (due to misbinding between visual features of different
objects in the sequence) also when each object is projected at a
different spatial location (: F(1,7) 13.42, p 0.008) (Fig. 9C).
Therefore, increased misbinding in sequences does not occur
only when the spatial locations of the misbound objects overlap.
As previously stated,we also note a significant increase in random
responses in sequences when compared with simultaneous pre-
sentation (	: F(1,7) 6.48, p 0.038) (Fig. 9D).
Memory precision in sequences depends on task relevance
In everyday experience of the visual world, objects perceived
across a period of time are rarely equally important or equally
relevant to the task at hand. Therefore, it is crucial to examine
how memory precision is affected by the relative behavioral rel-
evance or priority of each of the objects in a sequence.
In experiment 4, we displayed four items sequentially and
made one of them more task-relevant by increasing its relative
probability to be tested. This prioritized, or cued, itemwas always
of the same color and subjects were informed that one color was
more likely to be tested than the others.We investigatedmemory
precision for this cued item and also for the remaining, uncued
items in the sequence. Performance in this task was compared
with a neutral baseline condition, where all four items were
equally probable to be tested. As shown inFigure 10A,memory for
the cued itemwas significantlymoreprecise thanbaseline (t(8)5.8,
p 	 0.001), with a significant corresponding cost for the uncued
objects (t(8) 3.5, p 0.008).
We also investigatedwhether the benefit of cueing onmemory
precision—and the cost to the uncued items—are evenly distrib-
uted across the sequence, with respect to the serial order of the
prioritized item. More specifically, we asked whether the relative
benefit of cueing depends on serial order and whether the cost is
distributed to all of the uncued items or, alternatively, whether it
is limited to those preceding or those following the cued item.
Therefore, for every item in the sequence, we calculated the frac-
tional difference in precision between the baseline condition and
the cue present condition for each possible serial order of the
cued item. Positive values of this measure signify a gain and neg-
ative values a cost in memory precision when compared with the
baseline condition. As shown in Figure 10B, the relative gain in
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Figure 9. Model components for simultaneous and sequential presentation, when all items
are displayed at different locations. Model parameters are shown for items displayed sequen-
tially at different locations (dotted black line) and for simultaneous presentation (red line). A,
The variability of responses was not different between the presentation modes. B, The proba-
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precision was similar for the cued items, regardless of their order
in the sequence, and the relative cost was distributed between all
of the uncued items, both those preceded by the cued item and
those followed by it.
Next, we sought to identify the sources of error resulting in
decreases in memory precision for the less task-relevant items
and the corresponding benefit for the cued ones. To this end,
using the probabilistic model described above, we estimated the
Gaussian variability of the responses to the target, the probability
of responding according to a nontarget, and the probability of
responding with a random orientation separately for the cued
and noncued items (in the condition where a cue was present)
and for the baseline condition where all items were equally task
relevant.
The results are presented in Figure 11. Gaussian variability for
the cued item is significantly less than for an uncued item in the
same sequence (2 13.5, p 0.001) or an item in the condition
where cueing is not present (2 5.7, p 0.017) (Fig. 11A). The
probability of responding with the target orientation is signifi-
cantly higher for the cued items when compared with baseline
(2 33.1, p	 0.001) (Fig. 11B), with a corresponding decrease
in target responses for the uncued items (2  8.1, p  0.004)
(Fig. 9B). As shown in Figure 11C, a significant part of the gain in
overall precision for the cued items can be attributed to a reduc-
tion in the probability ofmisreporting another item’s orientation
compared with uncued items (2 23.8, p 0.017) or baseline
(2  20, p  0.018). In other words, increasing the task rele-
vance of an item seems to facilitate successful binding between its
visual features. The corresponding decrease in memory resolu-
tion for the less task-relevant items is, to a significant extent, due
to an increase in random responses (2  5.3, p  0.022) (Fig.
11D) rather than an increase in misbinding, the probability of
which is similar to the baseline condition (2  0.1, p  0.66)
(Fig. 11D).
Discussion
We examined the fidelity of visual WM for orientation of objects
presented in sequence by analyzing precision of observers’ re-
ports, rather than asking them about the presence or absence of a
change (Luck and Vogel, 1997; Vogel et al., 2001). There was a
marked decrease in precision as the number of items to be re-
membered increased (Figs. 2, 3). Thus, memory capacity is in-
deed highly limited. Importantly, however, WM resolution
decreased smoothly as total number of items increased (Fig. 3),
and this loss of fidelity affected every item in the sequence (Fig. 2).
Even adding a single item to a previous object held in memory
was sufficient to produce a significant drop in mean precision of
report (Fig. 3).
These data cannot be adequately explained by a simple slot
model in whichWM is limited to three or four items because this
would predict optimal performance until the object capacity
limit is reached, and a sharp drop in precision when that limit is
exceeded (Pashler, 1988; Luck and Vogel, 1997; Cowan, 2001).
Instead, our results are compatible with the concept of a limited
memory resource, a proportion of which is allocated to each item
as the total number of items increases. Such a proposal also pro-
vides a parsimonious account of WM limits in the case of simul-
taneously presented objects (Bays and Husain, 2008; Bays et al.,
2009).
Measuring WM precision revealed in addition that, although
there is a recency effect for all sequence lengths, the fidelity of
memory for the last item was strongly modulated by the number
of items that preceded it (Fig. 2). Precision for the last item was
worse in longer sequences, a finding that has implications for
neural models of serial WM. Previous studies using similar dis-
play intervals also reported recency effects (Phillips and Christie,
1977; Broadbent andBroadbent, 1981;Wright et al., 1985;Neath,
1993;Hay et al., 2007; Blalock andClegg, 2010), but none showed
that last-item recency is affected by sequence length in this way.
Again, those studies used binary measures of report (correct or
incorrect); precision, we argue, provides a more sensitive index
that better constrains models of WM and their neurophysiolog-
ical substrates.
Comparison of sequential versus simultaneous arrays (Fig. 3)
demonstrated that, while precision in both cases fell smoothly
with increasing number of objects, mean precision across all
itemswas significantlyworse for sequences than for simultaneous
arrays (Lecerf and De Ribaupierre, 2005; Allen et al., 2006; Bla-
lock and Clegg, 2010). Crucially, however, this cost of sequential
presentation was restricted to items preceding the last object.
Thus, for example, the last item in a sequence of four objects was
recalled with the same precision as if it had been tested in an array
of four items presented simultaneously, while all other items in
the sequence were recalled less precisely. This cannot be ac-
counted for by temporal decay (Fig. 4), consistent with studies of
serial verbal WM (Lewandowsky et al., 2009). Furthermore, we
show that lower precision in sequential versus simultaneous pre-
sentation is not due to spatial overwriting, as it is replicated when
all items are presented sequentially at different locations (Fig. 8).
So how can we explain this effect?
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Figure 11. Model components in relation to task relevance. A, Responses centered at the
target orientation were less variable for cued item when compared with baseline. There was a
corresponding nonsignificant increase in variability for the remaining, less task-relevant items.
B, The probability of responding according to the target’s orientation was enhanced for cued
items, with a corresponding cost for uncued ones. C, Probability of responding according to a
nontarget orientation was lower for the more task-relevant item, while this parameter was no
different from baseline for the uncued items. D, Conversely, random responses were increased
for uncued items and were similar to baseline for the cued item. Error bars represent SEM.
**p	 0.001, *p	 0.05; n.s., nonsignificant.
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To address this question, we fit a probabilistic model (Fig. 5)
to the distribution of recall errors that was previously developed
for simultaneous presentation (Bays et al., 2009, 2011). Here, the
analysis revealed that the Gaussian variability in recalling an
item’s orientation was, on average, equivalent whether the set of
items was presented sequentially or simultaneously (Fig. 6A).
Hence, the loss of overall fidelity observed with sequential pre-
sentation is not due to increased variability in storing each item’s
orientation.
However, in addition to accurate recall of orientation, successful
performance also required accurate binding of orientation informa-
tion with color. A seminal study suggested that different visual fea-
tures are stored independently but it is their integration that is
vulnerable to interference (Wheeler and Treisman, 2002). Memory
for bound objects in a sequence is also more susceptible to interfer-
ence from subsequent items thanWMfor individual features (Allen
et al., 2006).
Our findings show that the probability of errors due to
misbinding target color with the orientation of a nontarget
was significantly higher for sequences than for simultaneous
presentation (Fig. 6C). Furthermore, these errors were more
common for objects earlier in the sequence than for the last
item (Fig. 7C). It has been shown previously that spatial loca-
tion has a central role in feature binding (Treisman and Zhang,
2006). Our results show that increased misbinding in sequential
presentation also occurs when the locations of misbound objects
do not overlap (Fig. 9C).
The performance cost observed when comparing sequential
to simultaneous presentation is primarily due to an increased
probability of misbinding when items are presented in a se-
quence. Thus, there is interference across stored representations,
a phenomenon that is also not predicted by independent object
slots. A smaller but significant proportion of responses were at-
tributed to a random component, which could correspond to
simple guessing. However, this did not change significantly be-
tween the last and preceding items (Fig. 7D), and so cannot ac-
count for the performance cost specific to earlier items.
While variability in the Gaussian component of error for
items presented sequentially was, on average, equivalent to that
observed in simultaneous presentation, when comparing this pa-
rameter between items in different serial orders, there was less
variability in recalling orientation of the last item than previous
ones (Fig. 7A). Thus, whereas each object in a simultaneously
presented array theoretically is allocated the same amount ofWM
resource, this is clearly not the case in sequences where each new
object to be remembered (the current last item) was allocated its
fair share of resources (as if it had appeared in a simultaneous
array of the same total number of items).However, the resolution
in memory for previous items became inferior.
Thus, there is a dynamic redistribution of memory re-
source in sequences; this reallocation from earlier items was
associated specifically with increased misbinding of features
belonging to different objects. While we conceptualize this
process to be the shift of internal resources (Chun et al., 2011)
from items already held in memory to a newly added item,
there are alternative possibilities.
First, it might be argued that it is possible for amemory slot to
abandon the object it currently holds and switch tomaintaining a
new object. Critically, the revised slot model (Zhang and Luck,
2008) predicts fixed-resolution memory representations that
would be difficult to reconcile with some of the findings of the
current study. For example, if the most recent item displaces a
previous item from a fixed-resolution slot, responses for one or
more items in the previous serial positions should be either
equally accurate to those for the last item (when a previous item
keeps its slot) or consistently below chance (when a previous item
is left without a slot). But our findings suggest neither is the case,
even if we assume that two or more slots double-up (Zhang and
Luck, 2008) to accommodate the last item with higher precision
than the previous objects.
Second, it might be argued that allocation of greater attention
(i.e., external resources) to the most recent item, plus increasing
passive interference between items held in memory as new items
are added, might also explain our findings. However, such a
model would need to posit some separation between (internal)
resources for working memory and extra (external) resources
available for attention, an area of research that remains to be
resolved (for discussion, see Chun et al., 2011). Moreover, this
still remains an updating of resources, as attention is redeployed
to the new item. Our experiments with cuing an object demon-
strated that greater attention to the target leads to improved pre-
cision of recall but with a concurrent cost to other items.
Interestingly, the increase in memory resolution with cuing
was explained by a decrease both in the variability of storing its
orientation and in the probability of misbinding its color with a
nontarget’s orientation (Fig. 9), suggesting that the bound repre-
sentation of a prioritized object early in the sequence was more
resistant to interference from subsequent, less task-relevant ones.
The corresponding drop in precision for less task-relevant objects
also extended to items at any order in the sequence, but could not
be attributed to increasedmisbinding. Instead, there was a signif-
icant increase in the random error component for report of these
items, suggesting they were not so accurately encoded. Recent
studies demonstrated that, in simultaneous presentation, in-
dividual WM differences are determined by processes such as
attentional selection, taking place during encoding rather than
during maintenance in memory (Cusack et al., 2009; Linke et
al., 2011). Future studies should investigate the ability to pri-
oritize task-relevant items in sequences in the context of indi-
vidual differences.
Finally, although in the current study we investigatedWM for
one visual dimension (orientation), a recent study of sequential
WM for visual motion showed similar results (Zokaei et al.,
2011). Thus, the principles discussed here are not confined to
only one feature.
In summary, using precision as an index of WM provides
important new insights into the nature of memory representa-
tions of objects viewed at different times, revealing how resources
can be dynamically and flexibly reallocated and providing a cred-
ible framework for interpreting neural data.
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